Nanostructured ferroelectric materials by Varghese, Justin M.
Title Nanostructured ferroelectric materials
Author(s) Varghese, Justin M.
Publication date 2012-12
Original citation Varghese, J. D. 2012. Nanostructured ferroelectric materials. PhD
Thesis, University College Cork.
Type of publication Doctoral thesis
Link to publisher's
version
http://pubs.acs.org/doi/pdfplus/10.1021/nl2039106
http://pubs.acs.org/doi/pdfplus/10.1021/cm301928w
Access to the full text of the published version may require a
subscription.
Rights © 2012, Justin Manjaly Varghese
http://creativecommons.org/licenses/by-nc-nd/3.0/
Embargo information Please note that Chapters 1 & 5 are currently unavailable due to a
restriction requested by the author. 1 year embargo to 19 Dec 2013.
Item downloaded
from
http://hdl.handle.net/10468/992
Downloaded on 2017-02-12T14:34:54Z
  
Nanostructured Ferroelectric Materials 
 
Justin Manjaly Varghese, MSc. 
 
 
 
 
 
Thesis presented for the degree of Doctor of Philosophy to the  
National University of Ireland, University College Cork. 
 
Tyndall National Institute and Department of Chemistry 
 
 
Supervisor: Prof. Justin D. Holmes and Prof. Roger W. Whatmore 
Head of the Department: Prof. Michael A. Morris 
 
December 2012 
 
ii 
 
Declaration 
 
I, Justin Manjaly Varghese, hereby confirm that the work presented within this thesis 
for the degree of Doctor of Philosophy, is my own research work, and has not been 
submitted for any other degree, either at University College Cork or elsewhere. 
 
_____________________________                                        ___________________  
      Justin Manjaly Varghese                                                                     Date 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
iii 
 
Abstract 
Nanostructured materials are central to the evolution of future electronics and 
information technologies.  Ferroelectrics have already been established as a 
dominant branch in the electronics sector because of their diverse application range 
such as ferroelectric memories, ferroelectric tunnel junctions, etc.  The on-going 
dimensional downscaling of materials to allow packing of increased numbers of 
components onto integrated circuits provides the momentum for the evolution of 
nanostructured ferroelectric materials and devices.  Nanoscaling of ferroelectric 
materials can result in a modification of their functionality, such as phase transition 
temperature or Curie temperature (TC), domain dynamics, dielectric constant, 
coercive field, spontaneous polarisation and piezoelectric response.  Furthermore, 
nanoscaling can be used to form high density arrays of monodomain ferroelectric 
nanostructures, which is desirable for the miniaturisation of memory devices. 
This thesis details the use of various types of nanostructuring approaches to fabricate 
arrays of ferroelectric nanostructures, particularly non-oxide based systems.  The 
introductory chapter reviews some exemplary research breakthroughs in the 
synthesis, characterisation and applications of nanoscale ferroelectric materials over 
the last decade, with priority given to novel synthetic strategies.  Chapter 2 provides 
an overview of the experimental methods and characterisation tools used to produce 
and probe the properties of nanostructured antimony sulphide (Sb2S3), antimony 
sulpho iodide (SbSI) and lead titanate zirconate (PZT).  In particular, Chapter 2 
details the general principles of piezoresponse microscopy (PFM).  Chapter 3 
highlights the fabrication of arrays of Sb2S3 nanowires with variable diameters using 
newly developed solventless template-based approach.  A detailed account of 
domain imaging and polarisation switching of these nanowire arrays is also 
provided.  Chapter 4 details the preparation of vertically aligned arrays of SbSI 
nanorods and nanowires using a surface-roughness assisted vapour-phase deposition 
method.  The qualitative and quantitative nanoscale ferroelectric properties of these 
nanostructures are also discussed.  Chapter 5 highlights the fabrication of highly 
ordered arrays of PZT nanodots using block copolymer self-assembled templates and 
their ferroelectric characterisation using PFM.  Chapter 6 summarises the 
conclusions drawn from the results reported in chapters 3, 4 and 5 and the future 
work. 
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जो हुआ वह अच्छा हुआ I 
जो हो रहा है, वह अच्छा हो रहा है I 
जो होगा, वह भी अच्छा  होगा I 
पररवर्तन ही संसार का ननयम है I 
                               
                            श्रीमद् भगवद गीर्ा सार  
  
 
“Whatever has happened has happened for good. 
Whatever is happening is happening for good. 
Whatever is going to happen, it will be for good. 
Change is the law of the universe.” 
                  The Bhagavad Gita (Hindu Scripture). 
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2.1 Preparation of Tris(diethyldithiocarbamate) Antimony (III) 
All chemicals used in the synthesis were high purity and used without any further 
purification: antimony trichloride (SbCl3, Alfa Aesar UK, 99.9 %), sodium 
diethyldithiocarbamate trihydrate (Na(S2CNEt2)2, Sigma-Aldrich, ≥98 %), anhydrous 
methanol (Sigma-Aldrich, 99.8 %), dichloromethane (DCM, Sigma-Aldrich, ≥99.9 
%), anhydrous benzene (Sigma-Aldrich, 99.8 %), n-hexane (Sigma-Aldrich, ≥97 %).  
In a typical procedure, a soultion of 1.14 g of SbCl3 (0.005 mol in 25 ml of 
methanol) was added to a solution containing 3.38 g of sodium 
diethyldithiocarbamate trihydrate (0.015 mol in methanol) drop wise with constant 
stirring.  The solution was stirred at room temperature for 1 hr until a yellow 
precipitate of Sb(S2CNEt2)3 was formed (Figure 2.1).  The precipitate was washed 
with methanol, filtered and dried overnight at 60 °C (Yield, ~90 %).  The compound 
was re-crystallized from dichloromethane and the melting point of the compound 
was noted to be 170 °C
1
. 
 
                  
Figure 2.1. Chemical structure of tris(diethyldithiocarbamate) antimony (III), 
Sb(S2CNEt2)3. 
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2.2 Preapartion of Anodic Aluminium Oxide (AAO) Templates 
All the materials used for the fabrication of AAO templates were of high purity and 
used as received.  Al foil (0.5 mm thick, 99.999 %) and lead foil (2 mm, 99.9 %) 
were purchased from Goodfellow Cambridge Limited, England.  Oxalic acid (98 %), 
copper (II) chloride (97 %), chromium (III) chloride (95 %), phosphoric acid (70 %), 
sulphuric acid (98 %) and potassium hydroxide (90 %) were purchased from Sigma-
Aldrich.  AAO templates with mean pore diameter 200 nm were purchased from 
Whatmann UK.  Templates with mean pore diameters 100 and 50 nm were prepared 
electrochemically by an anodisation process of an aluminium foil, as first described 
by Masuda and Fukuda in 1995.
2,3,4
  The AAO templates were fabricated by a three 
step process as described below: 
(i) Substrate preparation.  High purity Al foil was cut into circular disks of ~ 15 mm 
diameter and ultrasonically cleaned in acetone for 30 min at room temperature.  The 
disks were flattened under a pressure of ~ 5000 MPa using a bench-top press and 
then annealed under vacuum at 450 °C for 5 hr. 
(ii) Anodisation.  Anodisation was carried out in a custom built electrochemical cell, 
where Al discs were inserted inside the circular slots provided in the cell with the 
lead counter electrode held at the centre of the cell.  The lead electrode was partially 
immersed in the electrolyte in the electrochemical cell and anodisation was carried 
out at a constant potential using a dc power supply (Thurlby Thandar Instruments 
model EX752M).  In the electrochemical cell, Al discs serve as the anode and lead 
foil act as the cathode.  Anodisation of Al discs was carried out in two stages.  For 
100 nm AAOs, the 1
st
 anodisation was carried out in 0.3 M oxalic acid at 40 V for 6 
hr. at room temperature.  The first stage anodisation for 50 nm AAOs was carried out 
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in 20 wt. % H2SO4 at 25 V for 6 hr. at 0 °C.  The passive oxide film which forms at 
the surface of the Al discs was chemically removed by submerging the discs in a 
solution of chromic acid (5 wt. %) and phosphoric acid (1.8 wt. %) at 60 °C 
overnight in an air oven.  The second stage anodisation of chemically treated 100 
and 50 nm AAOs were carried out under similar conditions to the first but over a 
time period of 16 hr. 
(iii) Post-treatment. After the anodisation, the aluminium metal present on the back 
side of the AAOs was removed using a saturated solution of CuCl2 and the oxide  
barrier layer was removed by treatment with 1.0 M KOH for 20 min.  The pores of 
the AAO templates were widened by immersing the templates in 5 wt. % H3PO4.  
Templates were then dried at 60 °C overnight in an air oven for further use. 
As seen in Figure 2.2 an AAO membrane contains a high density of nanopores of 
between 10
9
 and 10
12
 pores per cm
2
, which can act as a template for the generation 
of nanostructures. The thickness of free-standing AAO membranes can be varied 
from 20 nm to about 300 micrometers.  There are some key attributes that make 
AAO an attractive templating material for 1D nanostructures:
3,4
 
 
 Excellent control over the length and diameter of the nanstructures 
 Highly ordered pores with density as high as 1011 cm-2 and high aspect ratios 
 ranging from 300 to 3000 
 Variety of deposition methods can be utilised to fill the pores 
 Thermal stability upto 800 °C 
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Figure 2.2.  SEM images of a 200 nm AAO membrane: (a) plan-view image 
showing the pores in the membrane and (b) cross-sectional image showing vertical 
channels in the membrane. 
 
Various approaches, including electrochemical and electroless deposition, sol–gel 
and chemical vapour deposition have been utilised to produce a range of inorganic 
nanowires, including metals, metal oxides and semiconductors within the channels 
of AAO membranes.
3,4
  The nanostructures formed were released by either partially 
or fully etching the membranes using H3PO4 or NaOH.
3,4
  Sb2S3 nanowires formed 
inside AAO template were released by immersing the template in 0.5 M NaOH for 
10 min. at room temperature. 
 
2.2.1 Solventless preparation of arrays of antimony sulphide nanowires 
Zhang et al.
5
 reported a pressure injection process for growing arrays of single 
crystal nanowires of low melting point metals inside the channels of AAO 
membranes.  Xu et al.
6
 prepared highly oriented single crystalline Bi2S3 nanowires 
by melting a solid single source precursor inside the channels of AAO membranes 
under vacuum. Some of the advatages of solventless pressure-injection methods 
compared to vapour deposition and hydrothermal methods are: (i) low temperature 
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synthesis, (ii) the absence of solvent and (iii) good control over the size of 
nanowires.
6
 
AAO membranes, with a thickness ~ 50 μm and nominal pore diameters of ~200, 
100 and 50 nm, were used as templates to prepare arrays of Sb2S3 nanowires.  In a 
typical experiment, an AAO membrane was placed on top of 0.1 g Sb(S2CNEt2)3 
powder, in a quartz tube and subsequently decomposed under vacuum.  The tube was 
placed inside a block heater and the temperature of the block was raised from room 
temperature to 180 C (melting point of the SSP), at a ramp rate of 10 °C min-1 with 
a holding time of 30 min, under vacuum (0.133 Pa).  The reaction vessel was 
decoupled from the pumping system, sealed and the temperature of the block was 
increased to 300 °C, at a ramp rate of 5 °C min
-1
 and kept for 30 min at this 
temperature; where the SSP decomposes to form Sb2S3.  After cooling to room 
temperature, the membrane was washed with isopropanol and used for further 
analysis.  A schematic illustration of the experimental setup used in the solvent-less 
pressure-injection method is shown in Figure 2.3. 
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Figure 2.3.  Schematic showing equipment used in the solventless synthesis of Sb2S3 
nanowires within the pores of AAO templates. 
 
2.3 Vapour Phase Growth of SbSI Nanorods 
AAO/Ti/Si substrates were prepared by anodisation
2
 of Al/Ti/Si substrates (layer 
thickness: Al 100 nm; Ti 10 nm).   Anodisation was carried out in a custom built 
electrochemical cell with Al/Ti/Si substrate held at a constant separation of 6 cm 
from the lead counter electrode.  The substrate and the lead electrode were partially 
immersed in the electrolyte (0.3 M oxalic acid) in the electrochemical cell and 
anodised at a constant potential (40 V) using a dc power supply (Thurlby Thandar 
Instruments model EX752M), at 4 °C for 8 minutes.  The substrate was then kept in 5 
wt. % phosphoric acid for 5 min to widen the pores, followed by washing using 
water.   
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Arrays of SbSI nanorods were synthesised on AAO/Ti/Si substrates by the vapour 
phase deposition of a mixture of Sb2S3 (0.10 g) and SbI3 powders (0.11 g) with a 
molar ratio of 1:0.8.  The deposition was carried out in a two-zone tube furnace with 
the source placed in the middle of a quartz tube, while the substrate was placed 
downstream at an optimum distance of ~15 cm from the source, as shown in Figure 
2.4.  The quartz tube was then evacuated (0.013 Pa) for 1 hr. to attain a steady 
vacuum and then sealed.  The source and substrate zone temperature were then 
raised to 400 and 250 °C respectively, at a heating ramp rate of 1 °C min
-1 
and the 
deposition was carried out for 1 hr.  A control experiment was conducted with a Si 
(001) substrate under similar conditions. 
 
 
 
Figure 2.4. Schematic of the apparatus used for the vapour phase growth of SbSI 
nanorods. 
 
In addition, surface roughened conducting Pt/Ti/Si substrates (layer thickness: Pt, 
300 nm and Ti, 100 nm) were used for growing vertically oriented SbSI nanowire 
arrays.  Surface roughness on Pt/Ti/Si substrates was introduced by ultrasonicating 
the substrates in isopropanol for 30 min. in a sonication bath (Model Qi-200, 
Ultrawave Ltd., Cardiff, UK.) with an operating frequency 40 kHz and an 
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ultrasonication power 200 W.  The substrates were then dried in an air oven at 60 °C 
overnight.  Vapour deposition was carried out under similar condition as with in 
AAO/Ti/Si substrate.  A control experiment was conducted with a smooth Pt/Ti/Si 
substrate to examine the influence of surface roughness of the substrate on the 
alignment of nanowires formed. 
2.4 Fabrication of Arrays of Lead Zirconate Titanate Nanodots 
The diblock copolymer polystyrene-b-poly(ethylene oxide) (PS-b-PEO) was 
purchased from Polymer Source and used without further purification.  Lead 
zirconate titanate (PZT) nanodots, of various diameters and spacing, were obtained 
using two different number average molecular weights (Mn) of PS-b-PEO: PZT (42-
11, Mn, PS = 42 kg mol
−1
; Mn, PEO = 11.5 kg mol
−1
; Mw/Mn = 1.07 ]Mw: weight-
average molecular weight]) and PZT (32-11, Mn, PS = 32 kg mol
−1
; Mn, PEO = 11 kg 
mol
−1
; Mw/Mn = 1.06).  N-doped silicon substrates were used for the deposition of 
the arrays of PZT nanodots.  Substrates were cleaned by ultrasonication in acetone 
and toluene, for 30 min in each solvent, and dried under N2.  PS-b-PEO was 
dissolved in toluene to yield a 0.9 wt. % polymer solution at room temperature.  The 
PS-b-PEO thin film was formed by spin coating the polymer solution (3000 rpm for 
30 s) onto the substrate.  The film was then exposed to toluene vapour (solvent 
annealing: 3 ml toluene taken in a glass vial placed at the bottom of a closed glass 
bottle) at 50 °C for 2 hr.  After this process, the film was immersed in ethanol at 40 
°C for 15 hr. to obtain self-assembled films with long-range order.  These self-
assembled PS-b-PEO thin films were used as templates for the deposition of PZT 
precursor solutions. 
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PZT precursor solutions was formulated using lead (II) acetate 
(Pb(CH3COO)2·3H2O), Zirconium (IV) acetylacetonate or Zr(acac) and  titanium 
(IV) isopropoxide as starting materials.  The transferring, weighing and mixing of 
the chemicals was done inside an inert atmosphere glove-box to avoid hydrolysis.  
Lead acetate (0.158 mmol; an excess of 10 % lead acetate was used in order to 
compensate for the loss of Pb during annealing) was dissolved in 2 ml of glacial 
acetic acid.  Zr(acac) (0.042 mmol) and titanium isopropoxide (0.099 mmol) were 
dissolved in 8 ml of anhydrous ethanol.  This solution was mixed with the acidified 
lead acetate solution to obtain a PZT precursor solution with a Zr/Ti ratio of 30/70.  
Dilute solutions of titanium isopropoxide (0.015 mmol) in anhydrous ethanol were 
then spin coated (6000 rpm for 10 s) onto the PS-b-PEO template and left at room 
temperature overnight to obtain a thin amorphous layer of TiO2; which helps to 
prevent the diffusion of Pb into the Si substrate and also enhances the formation of 
pervoskite PZT.
7
  The PZT precursor solution was then spin coated onto this PS-b-
PEO film at 3000 rpm for 30 s.  In order to oxidise the precursor and to remove the 
polymer, UV/Ozone treatment (PSD Pro Series Digital UV Ozone System; Novascan 
Technologies, Inc., USA) was carried out on precursor-loaded templates for 2 hr.  
Further crystallisation of the PZT nanodots was achieved by annealing the 
peroxidised samples at 600 °C for 1 hr. 
 
2.5 PFM analysis of Sb2S3-AAO Samples 
The ferroelectric and piezoelectric properties of individual nanowires inside the 
pores of AAO membranes were analysed by SS-PFM (MFP-3D™ software, Asylum 
Research, Santa Barbara, CA) using a conductive cantilever (AC240TM Pt coated 
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silicon probe, Olympus).  All of the cantilevers used were calibrated to obtain 
accurate quantitative piezoelectric responses.  PFM requires an extremely smooth 
surface, so the samples first needed to be polished manually and then by Argon ions.  
A Gatan Model 691 Precision Ion Polishing System (PIPS™) was used polish the 
surface of AAO template samples.  The templates were polished using a beam of 
ions accelerated to 5 kV and an incident angle of 5° to get a final sample thickness of 
~ 10 µm.  In PFM the electric field inside the sample was generated by the 
conducting tip and a large back electrode.  A 500 nm thick layer of gold, which acted 
as a back electrode, was evaporated onto one of the polished sides of the Sb2S3-AAO 
samples using Edwards thermal evaporator (Edwards 306, UK).  A schematic 
illustration of the PFM measurement is shown in Figure 2.5.
 
 
 
Figure 2.5.  Schematic illustration of vertical PFM measurements on Sb2S3 
nanowires formed inside an AAO membrane. 
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2.5.1 Acquisition of polarisation-electric field (P-E) hysteresis loops 
P-E hysteresis measurements were performed on Sb2S3-AAO samples.   500 nm 
thick gold electrodes (0.02 cm
2
) were deposited on top of Sb2S3-AAO membrane.  
P–E hysteresis loops of Sb2S3-AAO samples were measured using a Precision work 
station (Radiant Technologies) at a frequency of 500 Hz.  Similarly, P–E loop of 
SbSI nanowire arrays deposited on Pt/Ti/Si substrate was measured at a frequency of 
1 kHz. 
 
2.6 Structural and Morphological Characterisation Techniques 
2.6.1 X-ray diffraction analysis 
X-ray diffraction (XRD) is a structural characterisation technique based on the 
constructive interference of elastically scattered X-rays in a crystal.
8
  XRD occurs 
when the interplanar distance d in a crystal is of the order of the wavelength λ of the 
X-ray radiation, usually the Cu Kα emission line with a wavelength of 1.54 Å.  
Diffraction at an angle θ then occurs when Bragg’s law is satisfied.  Bragg’s law is 
given in equation 2.4 where n is an integer value. 
 
 nλ = 2dsinθ        (2.1) 
 
A plot of diffraction intensity against angle of reflection (2θ) produces a diffraction 
pattern from which the crystallographic structure of materials can be determined.  X-
ray diffraction patterns were collected on a Philips X’Pert diffractometer using Cu 
Kα1 radiation with an anode current of 35 mA and an accelerating voltage of 40 kV 
over the angle range 2θ = 10 to 60°, using step sizes of 0.01-0.03 and scan rates 0.05 
to 0.2. 
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2.6.2 Electron microscopy analysis 
Electron microscopy is capable of imaging materials at very high magnifications, > 
10
6
 times.
9
  The high resolution capabilities of electron microscopy are due primarily 
to the very short wavelengths of electrons employed, typically 50 pm – 1nm for 
SEM and 4 – 15 pm for TEM.  Samples of Sb2S3 nanowires were analysed using a 
FEI 630 NanoSEM, operated at 5 to 20 kV.  High resolution TEM images and 
selected area electron diffraction (SAED) patterns
10
 ([110] zone axis) of Sb2S3 
nanowires were obtained using a FEI-TITAN field emission TEM operated at 300 kV.  
Energy dispersive X-ray analysis, also known as EDS, EDX or EDAX, is a 
technique used in conjunction with electron microscopy to identify the elemental 
composition of a sample or small area of interest on the sample.  During EDX 
analysis, a sample is exposed to an electron beam inside a SEM or TEM.  These 
electrons collide with the electrons within the sample, causing some of them to be 
knocked out of their orbits. The vacated positions are filled by higher energy 
electrons which emit characteristic x-rays in the process. By analysing the emitted x-
rays, the elemental composition of the sample can be determined.  The elemental 
compositions of Sb2S3 nanowires were obtained using a FEI-TITAN field emission 
TEM fitted with an Oxford INCA EDX detector.  The morphologies and elemental 
compositions of SbSI and PZT nanodot samples were analysed using a FEI Quanta 
650 FEG-SEM fitted with an Oxford INCA EDX detector.  High resolution TEM 
analysis of SbSI and PZT samples was performed on a JEOL-JEM 2100 TEM 
operated at 200 kV, fitted with an Oxford INCA EDX detector.  The SAED patterns 
of SbSI nanowires formed on AAO/Ti/Si and Pt/Ti/Si substrates were obtained along 
the [010] and [100] zone axes respectively. 
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2.6.3 X-ray photoelectron spectroscopy 
X-ray photoelectron spectroscopy (XPS) is a surface analysis (between 50-70 Å) 
technique used to determine quantitative atomic composition and chemical 
environment of a material.
11
  XPS analysis is capable of quantifying a material’s 
composition as accurate as ~ 0.1 at%, as well as providing valuable information on 
the oxidation states of elements present in a material.   XPS analysis of PZT nanodot 
samples was performed on a VSW Atomtech system with twin anode (Al/Mg) X-ray 
source.  Survey spectra were collected at a pass-energy of 100 eV, step size of 0.7 
eV and a dwell time of 100 μs.  Core-level spectra were acquired as an average of 15 
scans at a pass-energy of 50 eV, step size of 0.2 eV and a dwell time of 100 μs.  The 
core-level spectra of each element were deconvoluted and fitted using VSW spectra 
presenter software (version 8.0-B-2). 
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3.1 Abstract 
This chapter discusses the synthesis and characterisation of vertically oriented 
arrays of antimony sulphide (Sb2S3) nanowires.  Single crystalline arrays of Sb2S3 
nanowires, with a preferred <001> orientation, was synthesised using anodic 
aluminium oxide templates by a solventless method; using the single source 
precursor, antimony (III) tris(diethyldithiocarbamate).  The piezoelectric and 
ferroelectric switching behaviour in individual Sb2S3 nanowires was demonstrated, 
for the first time, using piezoresponse force microscopy.  Sb2S3 nanowires showed a 
maximum piezo coefficient, d33(eff), around 2 pm V
-1
.  In addition, an enhancement in 
the spontaneous polarisation of the Sb2S3 nanowires was observed compared to bulk 
Sb2S3 single crystals, due to the defect-free, single-crystalline nature of the 
nanowires synthesised.  The ferroelectric switching in Sb2S3 nanowires was found to 
occur via a 180° domain reversal due to the preferred orientation of the nanowires 
along the polar c-axis. 
3.2 Background 
3.2.1 Antimony sulphide (Sb2S3) 
Recent advances in nano-ferroelectrics, especially their synthesis and 
characterisation, have provided an impetus for the development of novel nanoscale 
ferroelectric/piezoelectric materials and devices.
1-4
  Most of the interest in nanoscale 
ferroelectric research has primarily focused on perovskite-based complex oxide 
materials,
1-3
 while non-oxide based ferroelectric materials so far have been left 
unexplored.  Antimony sulphide or stibnite (Sb2S3) has been widely studied over the 
past decade due to its high photoconductivity.
5
  The band gap of Sb2S3 is between 
1.88 to 2.5 eV, covering the visible and near-infrared region of the solar spectrum.
6
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The excellent optical properties of Sb2S3 make it a potential candidate for 
photocatalytic
7
 and solar cell electrode applications
8,9
.  Theoretical simulations show 
that the highly anisotropic ion polarisability in sulphides can generate ferroelectric 
phase transitions.
10
  Calculations of the polarisability constants of Sb2S3 show that a 
stibnite-type (Sb2S3) structure is favourable for a ferroelectric phase transition.
10
  
Grigas et al. reported that Sb2S3 exhibits two ferroelectric phase transitions at 292 
and 420 K.
11
  The structural change from    
   to    
   accounts for the phase 
transition at 420 K, but no structural change has been reported for the 292 K 
transition.
6,11
  Sb2S3 is polar at room temperature and the structure contains infinite 
ribbons of (Sb4S6)n along the c-axis.
6
  These (Sb4S6)n chains are linked by a ‘21’ 
screw axis in such a way that the antimony in one chain is connected to the sulphur 
in the neighbouring chain.
6,12
  The origin of ferroelectricity in Sb2S3 is associated 
with the small dipole changes in the coordination sphere of Sb and S atoms along the 
c-axis in the (Sb4S6)n chains.
10,11,13
  Due to the anisotropy of the (Sb4S6)n chains 
along the c-axis the observed polarisation is largely anisotropic, which was 
demonstrated by Grigas and Karpus.
10,11,13
  This anisotropy in the dielectric 
behaviour of Sb2S3 sparked my interest to explore the ferroelectric and piezoelectric 
behaviour of this material at the nanoscale, as potentially c-axis-oriented single 
crystalline Sb2S3 nanowires could show highly anisotropic ferroelectric and even 
piezoelectric properties. 
3.2.2 Synthesis of antimony sulphide nanostructures 
Although the synthesis and characterisation of various types of Sb2S3 
nanostructures have been the basis of numerous studies,
14-16
 no data have been 
reported on their nanoscale ferroelectric or piezoelectric behaviour.  Among 
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ferroelectric nanostructures, one-dimensional (1D) structures such as nanowires, 
nanorods and nanotubes have been widely explored from both theoretical and 
application viewpoints.
17-20
  Studies on the size-dependant properties in ferroelectrics 
have revealed that 1D nanostructures can enhance or reduce the ferroelectric and 
piezoelectric response depending on their size and morphology, defects, crystal 
structure, ferroelectric domain structure etc.
18,19
  A doubling of the spontaneous 
polarisation was observed in Rochelle salt nanowires, with a diameter of 30 nm, 
compared to the bulk due to the uniform polarisation orientation and single 
crystalline nature of the wires.  Precise chemical composition, high crystallinity and 
uniform geometry are required for defined ferroelectric material properties at the 
nanoscale.
21
 
Preparative routes to Sb2S3 nanostructures have included chemical bath deposition,
22
 
hydrothermal,
16
 solvothermal,
23
 atomic layer deposition
14
 and physical vapour 
deposition
15
 using various precursors.  Although the synthesis of various types of 
Sb2S3 1D nanostructures have been the basis of numerous studies,
14,16,23
 no work has 
been reported on the production of arrays of nanowires/rods of Sb2S3. Template-
directed, ‘bottom-up’ synthesis is a facile strategy for fabricating nanowires,24 as 
their physical dimensions can be precisely controlled and monodisperse samples can 
be harvested in large quantity.  Porous membranes with monodisperse cylindrical 
pores are used as templates, such as anodic aluminium oxide (AAO), and track-
etched polycarbonate membranes.
25,26
  AAO template-assisted methods have shown 
promising possibilities for preparing 1D nanostructures including metal 
chalcogenides.
14
  This approach can provide good control over the lengths and 
diameters of nanowires, with the potential to generate large arrays of nanostructures 
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with controlled morphologies.
25
  AAO templating is adaptable to a variety of 
material and device applications.  Potential applications of nanowires produced in 
AAO membranes include electronic and solar power devices.
27
  For instance, 
template grown nanowires have been used to produce arrays of ferroelectric 
nanocapacitors.
28
   AAO membranes have also been used to produce thin-film 
transistors elements through a combination of sol-gel and electrodeposition 
methods.
24
 
This chapter describes the synthesis of arrays of Sb2S3 nanowires within the 
cylindrical pores of AAO templates (Sb2S3-AAO), by a solventless technique 
utilising the single-source precursor (SSP) antimony (III) 
tris(diethyldithiocarbamate), Sb(S2CNEt2)3.  The procedures for synthesising the 
single-source precursor and the subsequent Sb2S3 nanowires were discussed in detail 
in Chapter 2, Sections 2.1 and 2.2.  AAO membranes with nominal pore diameters of 
~200 nm, 100 and 50 nm were used as templates to prepare arrays of Sb2S3 
nanowires.  The template-based approach to synthesise arrays of Sb2S3 nanowires 
allows good control over the morphology and geometry of the nanowires.
24
  In 
addition, the use of a template eliminates the agglomeration of nanowires in an 
ordered array, making it possible to address the ferroelectric functionality of 
individual Sb2S3 nanowires on a one to one basis.  The ferroelectric and piezoelectric 
characteristics of Sb2S3 nanowire arrays were studied using Piezoresponse force 
Microscopy (PFM) as described in Chapter 2, Section 2.5.2. 
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3.3 Results and Discussion 
3.3.1 Thermogravimetric analysis of Sb(S2CNEt2)3 
Figure 3.1 shows the thermogravimetric analysis (TGA) decomposition profile of 
the SSP, Sb(S2CNEt2)3 under a N2 atmosphere.  The decomposition occurred in a 
single stage, with the onset of decomposition starting at ~200 °C.  The observed 
residual mass (33 %) for the SSP at 335 °C (theoretical for 0.5 mol Sb2S3: 32 %) 
showed that Sb2S3 was the major decomposition product.
29
  Based on the TGA data, 
the optimal decomposition temperature for the SSP was chosen as 300°C. 
 
 
Figure 3.1.  TGA data showing the decomposition profile of the Sb(S2CNEt2)3in a 
N2 atmosphere. 
3.3.2 Morphological analysis 
The as-synthesised Sb2S3-AAO samples generated showed extended growth of 
Sb2S3 nanowires from the AAO pores, as evident from the SEM images (Figures 
3.2(a) and 3.2(b)).  Figures 3.2(c) and 3.2(d) show that some of the nanowires tended 
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to merge into Sb2S3 microcrystallites when they reach the AAO-air interface 
(marked in dotted white circle in Figure 3.2(c)). 
 
 
Figure 3.2.  SEM images of (a) and (b) Sb2S3 nanorods formed on the surface of a 
200 nm AAO template surface, highlighting the extended growth of Sb2S3 of 
crystallites from the pores.  (c) The interface between an Sb2S3 microcrystallite and 
the AAO surface (dotted white circle shows nanowires up-rooted from the AAO 
pores) and (d) cross-section of AAO pores filled with Sb2S3 nanowires. 
 
In order to expose the Sb2S3 nanowires formed inside the AAO pores, and to obtain a 
smooth surface, the as-synthesised Sb2S3-AAO samples were first manually polished 
followed by Argon ion beam milling.  The resulting smooth surfaces on the Sb2S3-
AAO samples were ideal for PFM analysis.  Figure 3.3(a) shows a top-down view of 
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Sb2S3 nanowires, with a mean diameter of approximately 200 nm, within the pores 
of an AAO template after polishing.  Regions with white contrast are Sb2S3 filled 
AAO pores.  Cross sections of the samples, thickness 10 µm, were used to analyse 
the extent of filling of the channels within the membranes with Sb2S3 nanowires 
(Figure 3.3(b)). 
  
 
Figure 3.3.  SEM images of Sb2S3-AAO samples (mean nanowire diameter of 200 
nm): (a) plan-view of polished surface and (b) cross-sectional view. 
 
The Sb2S3 nanostructures showed radial dimensions in accordance with the nominal 
channel width of the AAO templates used, i.e. mean diameters of 50, 100 and 200 
nm (Figure 3.4).  The Lorentzian diameter distribution of the Sb2S3 nanowires 
formed inside the AAO templates showed a diameter distribution of 199 ± 16 nm 
(Figure 3.4(d)), 93 ± 9 nm (Figure 3.4(e)), and 51 ± 6 nm (Figure 3.4(f)) for 200, 100 
and 50 nm diameter AAO membranes respectively.  The nanowire diameter 
distributions were calculated from plan-view SEM images of polished Sb2S3-AAO 
samples (Figures 3.4(a), 3.4(b) and 3.4(c)).  The extent of pore filling by the Sb2S3 
nanowires was ~ 80 % across a 50 µm × 50 µm area and length wise ~90 % along a 
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10 µm long pores, irrespective of the pore diameter, with densities 1.0 × 10
9
, 7.6 × 
10
8
, and 4.0 × 10
8
 nanowires per cm
2
 for 50, 100 and 200 nm Sb2S3-AAO samples 
respectively. 
 
Figure 3.4.  Plan-view SEM images of surface polished Sb2S3-AAO samples with 
different mean nanowire diameters: (a) 200 nm, (b) 100 nm and (c) 50 nm.  (d), (e) 
and (f) illustrate the Lorentzian diameter distribution of Sb2S3 nanowires inside the 
200, 100 and 50 nm AAO membranes, respectively. 
3.3.3 Structural and compositional analysis 
The crystal structure and phase purity of the materials were characterised by X-ray 
diffraction (XRD) analysis and performed on polished Sb2S3-AAO samples.  The 
XRD pattern shown in Figure 3.5(a) can be indexed to an orthorhombic Sb2S3 phase 
(JCPDS file No: 42-1393), displaying a high intensity reflection at 47.5° from the 
(002) planes; an indication of the preferred c-axis-oriented growth of the Sb2S3 
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nanowires within the pores of the AAO template.  Energy dispersive X-ray (EDX) 
analysis confirmed the chemical composition of the Sb2S3 nanowires (Figure 3.5(b)) 
to be 40.5 and 59.5 at. % for Sb and S respectively, which is close to the theoretical 
values (Sb 40 %, S 60 %) for Sb2S3.  The Cu peaks in the EDX spectrum originate 
from the TEM grid. 
 
 
Figure 3.5.  (a) XRD pattern of a polished Sb2S3-AAO sample, indexed to the 
orthorhombic Sb2S3  structure (JCPDS file No: 42-1393) and (b) EDX spectra of an 
isolated 200 nm Sb2S3 nanowire after removal from an AAO template. 
 
The single crystalline growth of Sb2S3 nanowires along the c-axis was further 
confirmed by high resolution TEM analysis.  Figures 3.6(a, d, e) show TEM images 
of 200, 100 and 50 nm Sb2S3 nanowires liberated from AAO templates. 200 nm 
Sb2S3 nanowires showed single crystalline nature with a <001> growth direction 
along the c-axis, which supports the XRD data.  The presence defects and lattice 
dislocations were spotted in the TEM images of 100 and 50 nm nanowires. 
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Figure 3.6.  (a, d, e) High resolution TEM images of Sb2S3 nanowires, liberated 
from an AAO template with a nominal diameter of 200, 100 and 50 nm respectively, 
showing a preferred <001> orientation, (b) magnified TEM image of 200 nm 
nanowire and (c) SAED pattern of the Sb2S3 nanowire, obtained in the [110] zone 
axis, showing the single crystalline nature of the nanowire; the lattice planes shown 
in SAED pattern can be indexed to orthorhombic Sb2S3.  
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The reflection planes parallel to the Sb2S3 nanowire axis shows a lattice fringe 
spacing of 0.801 nm (Figure 3.6(b)) corresponds to the inter-planar d-spacing 
between the (110) planes of orthorhombic Sb2S3.
6
  The selected area electron 
diffraction (SAED) pattern obtained from a Sb2S3 nanowire, shown in Figure 3.6(c), 
in the [110] zone-axis further validates the single crystalline nature of the Sb2S3 
nanowires; confirming the c-axis oriented growth of the nanowires.  The lattice 
planes shown in SAED pattern can be indexed to orthorhombic Sb2S3.
6
 
 
 
Figure 3.7.  Schematic illustration of the crystal structure of Sb2S3.
6
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The templating effect of AAO pores drives the formation of single crystalline Sb2S3 
nanowires.  The pores assist the inherent 1D growth of Sb2S3 along the c-axis.  The 
reason for 1D growth of Sb2S3 can be understood from its orthorhombic crystal 
structure, which usually crystallises as rod, needle, straw or acicular-type 
morphologies. Crystalline Sb2S3 composed of two infinite chains of (Sb4S6)n along 
the c-axis (Figure 3.7), are linked by a ‘21’ screw axis (space group of Sb2S3 is Pna21) 
in such a way that the antimony in one chain connects to the sulphur in the 
neighbouring chain by a weak van der Waal’s bond.6,12  Thus the bonding between 
these chains is considerably weaker in the a-b plane than that within the c-plane.  
This weaker bonding in the a-b plane leads to a cleavage along the planes parallel to 
the c-axis, i.e. (100) or (010) planes, as these planes will have the lowest surface 
energy compared to the (001) plane.
12,30
  As a result Sb2S3 tends to grow along the 
[001] direction and eventually forms into a 1D nanostructure. 
 
3.3.4 Nanoscale ferroelectric and piezoelectric properties of Sb2S3 nanowire 
arrays: PFM analysis 
Knowledge of piezo and ferroelectric properties at the nanoscale is a prerequisite to 
exploit the potential of piezo/ferroelectric nanostructures.  PFM has emerged as an 
effective tool to analyse the electromechanical and ferroelectric response of 
nanostructured piezo/ferroelectric materials.
31-33
  The piezo and ferroelectric 
responses of Sb2S3 nanowires were investigated using piezoresponse force 
microscopy (PFM).  In PFM, an electric field is applied to the sample across a 
conducting tip and a large back electrode.  A schematic representation of the 
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experimental set-up of PFM analysis on a Sb2S3-AAO sample is illustrated in Figure 
3.8. 
 
 
Figure 3.8.  Schematic illustration of vertical PFM measurement on a Sb2S3-AAO 
sample. 
 
The conducting PFM tip is brought into contact with the Sb2S3-AAO sample surface 
in contact mode and a dc bias is applied to a small area to induce polarisation on the 
sample through the probe.  In sequence an ac electric field is applied to the same area 
to detect the magnitude of the piezoelectric response.  PFM can provide high special 
resolution and high localisation of an electric field at the interface between the tip 
and the ferroelectric surface.  The PFM tip will deflect in response to the piezo 
activity of the material, which either expands or contracts in response to the applied 
bias.  The magnitude and sign of the PFM response can be translated into images.  
The ferroelectric and piezoelectric functionality of individual Sb2S3 nanowires inside 
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AAO membranes was demonstrated using PFM measurements (in contact mode) on 
arrays of Sb2S3 nanowires in AAO templates along their c-axis, at room temperature. 
In order to align the polarisation of Sb2S3 nanowires, an axial bias voltage of ± 44 
V was applied to a 2.5 × 2.5 µm
2
 surface area of the Sb2S3-AAO samples, between 
the back electrode and the conducting tip of the PFM in contact mode.  Figure 3.9 
shows the PFM height profile, the resulting piezo-response amplitude and the phase 
signal of Sb2S3-AAO samples with various mean diameters.  The PFM amplitude 
image is a direct measure of the piezoelectric response of the material.  The Sb2S3 
nanowires, irrespective of their diameter, showed positive domains (white contrast) 
in the amplitude signal which is a clear indication of the piezo-response in the 
nanowires due to the out-of plane polarisation of the nanowires.  Sb2S3 nanowires 
inside AAO pores with diameters 200, 100 and 50 nm showed a maximum vibration 
amplitude of ~500, ~350 and ~100 pm, respectively.  The piezo amplitude response 
observed in the Sb2S3 nanowires is the contribution from the two oppositely (180°) 
oriented dipoles (↑↓) along the polar c-axis, within the probing volume underneath 
the tip.  200, 100 and 50 nm Sb2S3 nanowires showed out-of plane polarisation 
(Figure 3.9, piezo amplitude response) meaning that the polarisation was parallel and 
aligned with the applied electric field, causing a local expansion of the nanowires.
31
  
Some of the Sb2S3 nanowires, regardless of their diameter, showed no piezo 
response which may be due to the poor accessibility of the PFM tip over the 
nanowire inside the AAO pores. 
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Figure 3.9.  PFM images showing topography, amplitude and phase profiles of 
Sb2S3-AAO samples with various mean diameters. 
 
The PFM phase images of Sb2S3 nanowires with various diameters (Figure 3.9, 
phase images) clearly showed a high percentage of uniformly polarised nanowires 
with single ferroelectric domains; the size of these domains limited by the diameter 
of the nanowires.  The reason for the existence of monodomains can be attributed to 
the single crystalline (<001> oriented) low defect nature of the Sb2S3 nanowires 
synthesised, as evident from the high resolution TEM images.  As c-axis (<001> 
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direction) is the polar axis of the Sb2S3 nanowires, a high percentage of ↑ and ↓ 
polarised 180° domains were formed along the c-axis of Sb2S3 nanowires.
34-36
  
In addition, detailed examination of PFM phase images of Sb2S3-AAO samples 
(Figure 3.10) revealed the presence of multi-domain ferroelectric structure in some 
of the nanowires.  The plausible explanation for the multi-domain nature of some the 
nanowires is possibly due to the presence of defects on the surface of the 
nanowires.
31,37
 
 
 
Figure 3.10.  PFM phase image of a 200 nm Sb2S3-AAO sample showing the 
presence of multi-domain ferroelectric structure. (The dotted enclosed area 
represents different domains present on a single nanowire) 
 
3.3.4.1 Ferroelectric and piezoelectric hysteresis loop acquisition 
The characteristic of ferroelectric materials is the switching of the polarisation 
under the application and removal of an electric field.
38
  PFM in the imaging mode 
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(Figure 3.9) only gives the qualitative information on domain patterns and their 
evolution.  However an extended version of PFM, called the switching spectroscopy 
PFM (SS-PFM) quantitatively addresses the local piezoelectric and ferroelectric 
switching behaviour in nano-ferroelectrics.
39-41
  SS-PFM involves the acquisition of 
hysteresis loops from a small area (~20 nm
2
),
31,32
 by positioning the conducting PFM 
tip at a given location on the surface, to induce local ferroelectric domain nucleation 
and growth by the application of an electrical field; the signal in turn generates a 
ferroelectric and piezoelectric hysteresis loop of the specified area.  In this work, the 
piezoelectric hysteresis loops were obtained by positioning the conductive PFM tip 
on the centre of a chosen Sb2S3 nanowire within an AAO pore and an ac voltage of 
3.4 V was applied, whilst biasing ± 44 V dc voltages across the nanowire between 
the PFM tip and the gold back electrode.  Applying a small ac voltage through the 
PFM tip to an individual Sb2S3 nanowire inside an AAO pore leads to local structural 
deformation along the c-axis due to a converse piezoelectric effect.  The resulting 
strain and polarisation response from the nanowire surface are detected by the PFM 
tip to generate a piezoelectric and ferroelectric hysteresis loop respectively.  The 
amplitude of the detected piezoelectric vibration from a Sb2S3 nanowire is a direct 
measure of the piezoelectric coefficient of the nanowire whereas the phase of the 
signal relates to the polarisation direction present in the nanowires.   
The remnant phase and piezo switching hysteresis observed in Sb2S3 nanowires with 
various diameters are shown in Figures 3.11(a) and 3.11(b) respectively.   Figure 
3.11(a) shows the phase-voltage hysteresis loops obtained for Sb2S3-AAO samples 
with mean diameters of 200, 100 and 50 nm.  The square-shaped phase hysteresis 
loops obtained for all of the Sb2S3-AAO samples exhibit a 180° domain reversal 
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(↑↓), which is a signature of the presence of ferroelectricity in the Sb2S3 
nanowires.
37,39,40
  The180° phase reversal of the polarisation during the voltage 
sweep is an indication of switchable ferroelectricity in Sb2S3 nanowires.  The origin 
of ferroelectricity in Sb2S3 nanowires at room temperature can be explained by the 
polar    
  symmetry of the orthorhombic Sb2S3 crystal.
6,11
  The polarisation results 
from small structural changes in the co-ordination sphere of Sb and S atoms within 
the two (Sb4S6)n chains along the c-axis (Figure 3.7), thus the associated change in 
polarisation will be confined to one direction in space along the polar axis of Sb2S3 
nanowires.
11,13,42
  The phase hysteresis of 200 nm Sb2S3 nanowires showed an 
asymmetry with reference to the phase, this may be caused by the surface charges  at 
the back electrode and the nanowire interface.
43
 
 
 
Figure 3.11.  SS-PFM hysteresis loops acquired from an individual Sb2S3 nanowire 
inside AAO pores various diameters: (a) phase-voltage hysteresis and (b) piezo 
response-voltage hysteresis. 
 
Sb2S3 nanowires also displayed piezoelectric behaviour.  The normalised piezo-
response hysteresis loop obtained for Sb2S3-AAO samples of various diameters is 
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shown in Figure 3.11(b).  200 and 100 nm Sb2S3-AAO samples showed well defined 
piezoelectric switching hysteresis, while 50 nm samples displayed very weak piezo 
switching.  The depolarisation field on the 50 nm nanowire may be higher due to the 
higher surface area of the nanowire, which could hamper the ferroelectric 
polarisation.
37
  It is also noted that the surface of polished 50 nm samples was found 
to be rougher than the 100 and 200 nm samples, which may have created significant 
perturbations on the tip across the surface.  This roughness thus may have caused a 
decrease in the tip-surface contact quality, which in turn affects the PFM hysteresis 
loop acquisition.
31,40
  A study by Zhang et al. on PZT-AAO samples highlighted the 
possible influence of nanowire-AAO wall interfaces on the PFM piezo-response 
signal.
44
  The reason for the reduced piezoelectric coefficient and polarisation in the 
thinnest Sb2S3 nanowires is not fully conclusive and need further detailed study.  The 
forward (+) and reverse (-) domain nucleation voltage or coercive bias (Figure 
3.11(b)) of ~ ±20 V, can be attributed to the domain nucleation below the PFM tip at 
the Sb2S3-AAO surface.
40
 
 
3.3.4.2 Quantification of the piezo and ferroelectric responses 
The piezoelectric response of a material is expressed by its piezoelectric constants, 
dij, where i=1, 2, 3, j=1,..,6, which quantifies the volume change when the material is 
subject to an electric field.
21
  The piezoelectric constant d33 represents the 
electromechanical response in the z-direction when an electric field is applied in the 
same direction and is typically calculated from SS-PFM amplitude signals.
31
  A 
quantitative measure of the piezoresponse of the Sb2S3 nanowires synthesised was 
obtained by calculating piezoelectric coefficients from the SS-PFM piezo amplitude 
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hysteresis loops, as shown Figure 3.11(b).  The measured piezoelectric coefficient, 
which is designated as d33(eff) (‘effective’ d33 coefficient) represents the 
electromechanical response from a Sb2S3 nanowire inside an AAO pore in the z-
direction when an electric field is applied in the same direction.
31
  The maximum 
piezoelectric coefficient [d33(eff)] can be calculated using the equation, d33 =A/ VacQf ; 
where A is the maximum amplitude, Vac is the applied AC drive voltage and Qf is the 
quality factor of the cantilever (obtained during SS-PFM hysteresis loop acquisition 
and dependent on the tip-sample surface interaction) that describes the energy losses 
in the measured system.
31
  Typical Qf values in air for PFM cantilevers range from 
10 to 100.
45
  The cantilever in contact with the surface has a resonance defined by 
the mechanical properties of the cantilever and the stiffness of the tip-sample 
contact.  This resonance can have a high quality factor (Qf) for typical PFM samples 
that effectively amplifies the piezo signal by a factor of ~Qf near the resonance 
frequency of the tip.  The gain in the signal from the Qf -factor when operating near 
resonance improves the signal to noise ratio for the PFM amplitude and the phase.  
For samples with small piezo coefficients, this is potentially a very important effect 
and could mean the difference between only noise and a measurable signal.
45
   
Table 3.1.  The calculated maximum piezoelectric coefficient d33(eff) obtained for 
Sb2S3 nanowires with various diameter. 
Sample 
Sb2S3-AAO 
Maximum 
amplitude, pm 
Voltage, 
Vac 
Quality factor, 
Qf 
Maximum d33(eff), 
pm V
-1
 
200 nm  496 3.3 75.2 2.0 
100 nm 357 3.3 60.0 1.8 
50 nm 150 3.3 56.5 0.8 
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The calculated maximum piezoelectric coefficient d33(eff) for the Sb2S3 nanowires 
with various diameters is given in Table 3.1.  The 200 and 100 nm Sb2S3 nanowires 
showed d33(eff) values around 2 pm V
-1
, while the piezo coefficient obtained for 50 
nm nanowires was relatively low at around 0.8 pm V
-1
.  The low piezoresponse from 
50 nm nanowires can be attributed to the presence of defects present in the 
nanowires as evident from TEM investigation.  There is no report so far on 
quantification of piezoresponses from bulk Sb2S3 single crystals.  The d33(eff) value 
obtained for Sb2S3 nanowires was very weak compared to other common 
piezoelectric nanowires, such as (PbZr1-xTx)O3, ZnO and BaTiO3, which are in the 
range of 10 to 100 pm V
-1
, 
46-48
 due to the small structural changes which occur 
during the ferroelectric phase transition in Sb2S3.
11
 
3.3.4.3 PFM domain switching experiments 
Domain switching under the application of an external field is a signature 
characteristic of switchable ferroelectricity.
21,31,38
  PFM is a powerful technique for 
probing the nucleation, growth and switching of ferroelectric domains in nanoscale 
ferroelectrics.
3,31,37
  Figure 3.12 illustrates the switched ferroelectric domain images 
of Sb2S3-AAO under the application of an external bias, which provides conclusive 
evidence for the presence of switchable ferroelectricity in Sb2S3 nanowires.  Figures 
3.12(a) and 3.12(b) represents topography and PFM phase images of a Sb2S3-AAO 
sample before switching.  Domain switching was observed in the Sb2S3 nanowires at 
an applied bias of -33 V was applied, as seen by the change in the colour contrast in 
the PFM phase image (Figure 3.12(c)).  The application of an opposite bias of +33 V 
on the same area reversed the domain structure in the nanowires (Figure 3.12(d)).  
To confirm the effect of the applied bias on the domain switching characteristics, an 
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increased bias of ±44 V was applied to the nanowires (Figures 3.12(f) and 3.12(g)).  
The uniform colour contrast observed in the PFM phase image after applying a bias 
of -44 V (Figure 3.12(f)) indicates complete switching of the nanowire to a stable 
opposite polarisation state. 
 
Figure 3.12.  Ferroelectric domain switching in a selected area of a 200 nm Sb2S3-
AAO sample: (a) topographic image, (b) PFM phase image before switching, (c) 
after switching, by applying –33 V, (d) after applying + 33 V, (e) PFM phase image 
of a selected Sb2S3 nanowire before ferroelectric domain switching, (f) after 
switching of the nanowire by applying –44 V, and (g) after applying + 44 V. 
Piezoresponse microscopy can be readily used to investigate the kinetics of domain 
relaxation and depolarisation in a ferroelectric material.
49
  The stability of the 
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polarisation state of a ferroelectric sample is of importance for applications such as 
ferroelectric memory.  The process of switching back ferroelectric domains to their 
original state with time is called the polarisation loss.
49
  Figure 3.13 illustrates the 
polarisation loss observed in a Sb2S3-AAO sample studied by PFM phase imaging.  
The Sb2S3-AAO sample was selectively switched by applying +33 V, as shown in 
image Figure 3.13.  The Sb2S3 nanowires showed an almost full polarisation loss 
within in 16 minutes, which would be unfavourable for memory applications. 
 
 
Figure 3.13.  Ferroelectric domain polarization loss at various time intervals in 200 
nm Sb2S3-AAO nanowire arrays: (a) at 0 V, (b) after poling with +33 V, (c, d, e and 
f) at 0 V after 4, 8, 12 and 16 min. respectively.  
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3.3.5 Bulk ferroelectric measurements on arrays of Sb2S3-AAO nanowires 
The presence of ferroelectricity in arrays of Sb2S3-AAO nanowires (Gold/Sb2S3-
AAO/Gold capacitor geometry) was further confirmed by polarisation-electric field 
(P-E) hysteresis loop measurement.  This ‘nanowire bulk’ measurement allowed 
accurate determination of spontaneous polarisation (Ps) of Sb2S3 nanowires inside 
the AAO membrane.  The well-defined P-E hysteresis loop obtained for the 
nanowires (Figure 3.14), irrespective of the diameter, is conclusive evidence of the 
presence of ferroelectricity in the Sb2S3 nanowires and further supports the data 
obtained from PFM analysis.  The shape of the P-E loop showed incomplete 
saturation of the hysteresis, an indication of ‘still growing’ domains.38  This type of 
unsaturation is usual in weak ferroelectric materials and much higher fields are 
typically required to switch the domain polarisation.
38
  Sb2S3 nanowires with a mean 
diameter of 200 nm showed a maximum spontaneous polarisation (Ps) of ~1.6 µC 
cm
-2 
while nanowires with a mean diameter of 50 nm displayed a Ps value of ~1 µC 
cm
-2
.  50 nm nanowires were showing a narrow hysteresis, which may be due to the 
increase in depolarisation field created on the surface that tends to destabilise the 
ferroelectric polarisation.
37
  A material is said to be spontaneously polarised when 
the electric field (E) is zero but its polarisation (P) is a non-zero value.
50
  
Spontaneous polarisation is estimated by taking the intercept of the polarisation axis 
with the extrapolated linear segment of the polarisation reversal region (Figure 3.14). 
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Figure 3.14.  Polarisation-electric field (P-E) hysteresis loops for Sb2S3-AAO 
samples with various mean diameters. 
The spontaneous polarisation observed in Sb2S3 nanowires was small (~ 1.6 µC cm
-2
) 
compared to other common perovskite-based ferroelectric nanowires such as PZT 
nanowires (~ 30 µC cm
-2
).
51
  During polarisation switching, in perovskite 
ferroelectrics, displacement of atoms causes polarity changes in the whole lattice, 
which results in a massive polarisation, i.e. via a displacement mechanism.
21
  In 
contrast, the polarisation reversal in bulk Sb2S3 is a result of an order-disorder 
transition in the (Sb4S6)n chains which creates only a small polar distortion of the 
lattice and results in a weak spontaneous polarisation.
10,11,13
  The same reasoning can 
be applied to the weak piezoelectric behaviour of Sb2S3 nanowires.  Sb2S3 nanowires, 
irrespective of their diameter, show a remnant polarisation (±PR) and coercive field 
of switching (±Ec), obtained from the P-E loop (Figure 3.14), of approximately 1 µC 
cm
-2 
and ±50 kV cm
-2
 respectively.  Remnant polarisation (±PR) is the polarisation 
remaining in a ferroelectric material when the polarisation field is reduced to zero.  
The electric field applied antiparallel to the polarisation switches the polarisation 
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from the positive (+PR) and negative remnant responses (-PR) and the difference 
between these two remnant states is the remnant switchable response present in the 
material, i.e. [(+PR) - (-PR)].
40,50
  Coercive field (±Ec) is the electric field required to 
bring polarisation (P) back to zero.  
Significantly the spontaneous polarisation observed in our Sb2S3 nanowires showed 
an enhancement compared to the bulk.  At room temperature bulk Sb2S3 showed a 
spontaneous polarisation of ~ 0.9 µC cm
-2
, which means the polarisation, is almost 
doubled in the nanowires.
6
  
 
A similar enhancement was observed in Rochelle salt 
single crystalline nanowires formed within the pores of AAO membranes
35
, where 
the enhancement was attributed to the presence of multiple nanodomains with 
uniform orientation along the direction of the applied electric field.  Morozovska et 
al.
19
, in their study on ferroelectricity enhancement in confined nanorods, proposed 
that the ferroelectric property enhancement in nanowires and nanorods was due to 
the long-range interactions along the polar axis.
19,36
  Also a uniform crystallographic 
orientation will enhance the uniform alignment of ferroelectric nanodomains.
35
  In 
the Sb2S3 nanowires, the formation of 180° domains with polarisation directions 
pointing along +z and –z directions leads to a decrease in the depolarising field 
which enhances the spontaneous polarisation, especially noticeable in 1D 
ferroelectrics.
52
   The single crystalline nature of the Sb2S3 nanowires (c- axis 
oriented) and their long range order inside AAO templates aligned the dipoles 
preferentially along the c-axis of nanowires, especially in 200 nm nanowires. 
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3.4 Conclusions 
The bottom-up templating strategy, using AAO templates combined with a 
solventless approach, has proven to be a facile way to synthesise single crystalline 
arrays of Sb2S3 nanowires with controlled dimensions.  Additionally, the use of AAO 
templates eliminates the agglomeration of Sb2S3 nanowires and hence allowing the 
ferroelectric functionality of individual nanowires to be probed by PFM techniques.  
PFM analysis showed that most of the Sb2S3 nanowires formed single ferroelectric 
domain (180°) structures due to the preferential alignment of dipoles along their 
polar axis; owing to the preferential growth of nanowires along the c-axis.  Also, 
PFM switching studies demonstrated the reversible switching capabilities of 
individual and groups of Sb2S3 nanowires.  The relative instability of ferroelectric 
domains in the Sb2S3 nanowires was revealed using time-varied PFM phase imaging 
studies.  In summary, this work demonstrated the controlled synthesis of various 
diameter single crystalline Sb2S3 nanowires with switchable ferroelectric and 
piezoelectric properties. 
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4.1 Abstract 
The catalyst-free synthesis and characterisation of arrays of c-axis oriented 
antimony sulphoiodide nanorods, formed on the surface of anodic aluminium oxide 
(AAO) substrates by vapour phase deposition, is reported in this Chapter.  The 
surface roughness of the AAO substrate plays a decisive role in the orientation 
control of the SbSI nanorods produced.  The as-grown SbSI nanorods were single 
crystalline and <001> oriented, as revealed from the X-ray diffraction and 
transmission electron microscopy analysis.  Switching spectroscopy-piezoresponse 
force microscopy experiments demonstrated, for the first time, the presence of 
switchable ferroelectricity and piezoelectricity in individual SbSI nanorods.  The 
ferroelectric switching in SbSI nanorods was found to occur via a 180° ferroelectric 
domain reversal due to the preferred orientation of the nanorods along the polar c-
axis. 
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4.2 Background 
4.2.1 Antimony sulphoiodide (SbSI) 
Most of the research in nanoscale ferroelectrics and piezoelectrics has been focused 
primarily on oxide based perovskite materials,
1,2
 with less focus given to non-oxide 
based systems.  Many interesting ferroelectric and piezoelectric characteristics of 
non-oxide based systems have been reported in the literature in general,
3
 among 
these antimony sulphoiodide (SbSI) draws attention due to its unusually high 
dielectric, piezoelectric and photoconducting properties.
4
  SbSI is a semiconductor 
ferroelectric material which belongs to the V-VI-VII class of compounds and was 
widely studied during the 1960s and 1970s.
5-10
  It has a narrow band gap (Eg) ~ 1.9-
2.0 eV
11
 and a maximum absorption wavelength at ~ 630 to 640 nm.
12
  Since SbSI 
crystals are sensitive to wavelengths in the near infrared region, its ferroelectric 
polarisation can be tuned by illumination and hence SbSI is also termed a 
photoferroelectric.
13-16
  The Curie temperature (TC) of SbSI falls near room 
temperature, ~ 22 °C.
4
  Above TC (paraelectric state) it possesses    
   (Pnam) crystal 
symmetry, while below TC (ferroelectric state) it has    
  (Pna21) symmetry.
17
  SbSI 
shows highly anisotropic behaviour in many of its functional properties, due to its 
crystal structure
18
 with polar double chains of [(SbSI)∞]2 which run parallel to the 
polar c-axis.
19
  This anisotropy accounts for its superior functional characteristics, 
such as a high peak pyroelectric coefficient (6 × 10
-2 
C m
-2
 K
-1
),
20
 dielectric constant 
(~50,000),
4
 refractive index (~4.5),
21
 and piezoelectric coefficient (2000 pC N
-1
),
10
 
along the polar axis in single crystalline form.
19
  These versatile functional properties 
of SbSI could lead to its use in many applications such as ferroelectric memory,
22
 
thermal imaging,
23
 non-linear optics,
24,25
 and mechanical actuation
26
. 
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4.2.2 Vertically aligned arrays of SbSI nanowires 
Although promising for many potential uses,
22-26
 the difficulty in obtaining 
vertically aligned phase pure SbSI single crystals has put severe constraints on its 
real applicability.
23
  The International Technology Roadmap for Semiconductors 
(ITRS) has identified the need for new nanostructured ferroelectric materials with 
significantly improved properties to meet future technology requirements.
27
  As all 
of the interesting functional properties of SbSI are maximised along the c-
axis,
4,10,20,21
 it would be ideal to make vertically c-axis oriented SbSI nanostructures 
to exploit these superior properties.  Vapour deposition
28-32
 and pulsed laser 
deposition
23,33
 have been the most widely used methods for making SbSI crystals 
and thin films.  Many of these methods
8,23
 have been successful in making c-axis 
oriented thin films, but no attempts have been made so far to synthesise vertically-
aligned SbSI nanostructures.  SbSI nanorods and nanowires have been synthesised 
by hydrothermal
34,35
 ball milling,
36
 and sonochemical
37
 routes.  Most of the methods 
of preparing SbSI reported to date have resulted in randomly-oriented, large-grained, 
discontinuous films due to the large energy barrier for nucleation of SbSI on the 
substrates.  The surface roughness of the substrate plays a crucial role in controlling 
the energy barrier for nucleation and the orientation of the nanostructures, especially 
nanowires and nanorods.  Recently, vertically aligned arrays of ZnO nanorods were 
synthesised on chemically etched sapphire substrates by a catalyst-free vapour-solid 
(VS) growth.
38,39
  The vertical alignment of ZnO was caused by the assistance of 
irregularities, or roughness, present on the surface of the sapphire substrate.  The 
surface roughness of a substrate can act as nucleation centres which reduce the 
nucleation barrier, improving oriented growth.
38,39
  Based on this hypothesis, the 
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inherent surface roughness of anodic aluminium oxide/titanium/silicon (AAO/Ti/Si) 
substrates was utilised in this study to assist the growth of vertically aligned SbSI 
nanorods by vapour phase deposition.  In addition, surface roughened platinised 
silicon (Pt/Si) substrates were also used for the present study.  The nanoscale 
piezoelectric and ferroelectric characteristics of SbSI nanorods were studied using 
piezoresponse force microscopy (PFM), allowing the ferroelectric and piezoelectric 
functionality of individual nanostructures to be characterised on an individual basis. 
In this work, arrays of SbSI nanorods were synthesised on AAO/Ti/Si and surface 
roughened Pt/Si substrates by vapour-phase deposition of a mixture of Sb2S3 and 
SbI3 powders.  A control experiment was conducted with a Si (001) substrate under 
similar conditions. 
 
4.3 Results and Discussion 
4.3.1 Growth of SbSI nanorods on AAO/Ti/Si substrates 
The change in morphology of the synthesised SbSI nanostructures as a function of 
temperature was examined by SEM and the images are shown in Figure 4.1.  The 
surface morphology of a bare AAO surface on a Ti/Si substrate (Figure 4.1(a)) 
shows pores with diameters ranging between 20 to 50 nm, including grain 
boundaries.  These pores and grain boundaries give the AAO its rough surface.  SbSI 
forms by a gaseous phase reaction between Sb2S3 and SbI3 at a source temperature of 
400 °C to form (SbI3)x(Sb2S3)1-x,
29,40
 which is then transported across a temperature 
gradient onto an AAO/Ti/Si substrate.  The onset of nucleation of SbSI starts near 
~160 °C, under conditions close to the critical saturation for the condensation of 
(SbI3)x(Sb2S3)1-x.
29,40
  As shown in Figure 4.1(b), SbSI starts nucleating at a substrate 
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temperature of 170 °C, in the form of tiny islands of (SbI3)x(Sb2S3)1-x condensate,
29,40
 
with a mean lateral size of ~ 200 to 300 nm.  As the substrate temperature is 
increased to 250 °C, vertically oriented SbSI nanorods, with a mean length of ~ 3 µm 
and diameter range between 150 to 300 nm, formed on the surface of the AAO/Ti/Si 
substrate (Figure 4.1(c)).  The as synthesised arrays of SbSI nanorod films displayed 
a characteristic wine red colour.  Upon increasing the substrate temperature to 275 
°C, the SbSI nanorods tended to coalesce to form vertically oriented SbSI nanorod 
clusters with a mean length of ~ 3 µm and diameter of 600 nm (Figure 4.1(d)).  The 
coverage and density of the vertical SbSI crystallites on the AAO/Ti/Si substrates 
increased as the substrate temperature is increased from 250 to 275 °C; since a 
higher temperature could increase the migration rate of SbSI species, promoting a 
high uniform distribution of SbSI on the surface.
41
  Figure 4.1(e) shows the side-
view of SbSI nanorods, clearly indicating that nucleation starts from the AAO 
surface.  In this work, the optimum temperature to obtain phase pure SbSI was found 
to be 250 °C.  Deposition temperatures lower and higher than 250 °C resulted in 
SbI3-rich SbSI and non-stoichiometric SbSI respectively.  Since no droplet of 
catalyst or any particle was observed on the tips of the SbSI nanorods (see inset 
Figure 4.1(c)), the growth process of SbSI nanorods occurred via a self-catalysed 
vapour-solid growth mechanism. 
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Figure 4.1.  SEM images showing (a) a plan-view image of an AAO/Ti/Si substrate, 
(b) islands of (SbI3)x(Sb2S3)1-x formed at 170 °C on a AAO/Ti/Si substrate, (c) 
vertical SbSI nanorods formed at 250 °C, (d) vertical SbSI nanorod clusters formed 
at 275 °C and (e) side-view of SbSI nanorods formed on an AAO/Ti/Si substrate at 
250 °C. 
The phase purity of the as-synthesised SbSI nanorods was confirmed using XRD 
analysis.  The XRD pattern of SbSI nanorods grown from an AAO/Ti/Si substrate, at 
a reaction temperature of 250 °C, is shown in Figure 4.2(a) and can be indexed to 
orthorhombic SbSI (space group, Pna21; PDF no. 88-2407), displaying a high 
intensity (002) reflection at 2 = 44.3°; an indication of the predominant c-axis 
oriented growth of the SbSI nanorods formed. 
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Figure 4.2.  (a) XRD pattern of SbSI nanorods formed at 250 °C on an AAO/Ti/Si 
substrate, indexed to orthorhombic SbSI (PDF No: 88-2407), (b) EDX spectrum of 
an individual SbSI nanorod and (c) TEM image of a SbSI nanorod showing 
preferential <001> oriented growth (inset showing high resolution images of lattice 
fringes and SAED pattern obtained along [010] zone axis); the labelled lattice fringe 
spacing of 0.648 nm corresponds to the (110) lattice plane of SbSI. 
TEM analysis of the SbSI nanorods (Figure 4.2(c)) revealed their single crystalline 
nature, with a predominant growth direction along the <001> axis, confirming that 
the c-axis is normal to the substrate plane.  The measured lattice fringe spacing of 
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0.648 nm corresponds to the (110) plane of a SbSI nanorod.  Selected area electron 
diffraction (SAED) was used to further confirm the c-axis orientation of the SbSI 
nanorod.  The electron diffraction pattern, obtained in the [010] zone axis, (inset in 
Figure 4.2(c)) further reiterates the single crystalline nature and dominant <001> 
growth of the nanorods.  The lattice fringe spacing and angles between planes in the 
SAED pattern can be indexed to orthorhombic SbSI.  The composition of individual 
SbSI nanorods grown at 250 °C was determined by EDX analysis (Figure 4.2(b)).  
Quantitative EDX analysis showed that the as synthesised material composed of 33.9 
% Sb, 34.0% S and 32.2% I; with an atomic ratio (SbSI0.95) close to the expected 
stoichiometry (1:1:1). 
The XRD pattern of the as-synthesised arrays of SbSI nanorods at 275 °C is shown 
in Figure 4.3(a).  All diffraction peaks in the XRD pattern can be indexed to 
orthorhombic SbSI (PDF No. 88-2407).  The high intensity reflection obtained from 
the (002) plane indicates the preferential c-axis oriented growth of the SbSI nanorods 
formed, similar to those synthesised at 250 °C.  Quantitative EDX analysis (Figure 
4.3(b)) showed that the nanorods formed at 275 °C was slightly non-stoichiometric, 
with a composition of SbS0.9I0.89, due to partial decomposition of SbSI.
28
 
 
 
Chapter 4: Antimony Sulfoiodide Nanowire Arrays 
 
Nanostructured Ferroelectric Materials                                                                  120 
 
Figure 4.3.  (a) XRD pattern of SbSI nanorods formed at 275 °C on AAO/Ti/Si 
substrate, indexed to the orthorhombic SbSI (JCPDS file No: 88-2407) and (b) EDX 
spectra of SbSI formed at 275 °C on AAO/Ti/Si substrate. 
To study the influence of surface roughness on the alignment of SbSI nanorods, a 
control experiment was carried out using a Si (001) substrate (Figure 4.4(a)), under 
similar deposition conditions to those used with the AAO/Ti/Si substrates.  Figure 
4.4(b) shows an SEM image of SbSI formed on a Si substrate at a deposition 
temperature of 250 °C.  Randomly oriented one dimensional (1D) SbSI crystallites, 
with lengths between ~ 5 to 7 µm and width between ~ 600 to 700 nm, were 
observed on the Si substrate, highlighting that the substrate surface plays a crucial 
role in orienting the SbSI nanostructures.  SbSI crystallites formed on smooth Si 
substrates prefer to align parallel to the substrate plane (Figures 4.4(b) and 4.4(c)), 
compared to the perpendicular alignment observed with the rough AAO/Ti/Si 
substrates (Figure 4.1(c) and 4.1(d)).  However, SbSI crystals deposited on Si and 
AAO/Ti/Si substrates had a similar composition and 1D morphology but differed in 
their alignment.  The XRD pattern (Figure 4(d)) obtained for the deposited films on a 
Si substrate can be indexed to orthorhombic indexed to orthorhombic SbSI (PDF no: 
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74-2245), with a distinct peak at 2 = 32.8°, corresponding to the (310) reflection 
plane. 
 
Figure 4.4.  Plan-view SEM images of: (a) a bare Si (001) substrate, (b) SbSI 
nanorods formed on a Si substrate at a temperature of 250 °C, (c) zoomed-in image 
of SbSI crystallites and (d) XRD pattern of crystallites formed on a Si substrate, 
indexed to orthorhombic SbSI (PDF No: 74-2245). 
The difference in the alignment of SbSI crystallites formed on AAO/Ti/Si compared 
to Si substrates can be explained by taking into account the surface roughness of 
these substrates.  The pores and grain boundaries present on the surface of the AAO 
act as nucleation centres for the growth of SbSI.  The rough surface of the AAO 
provides enough nucleation centres for the vertical growth of the SbSI compared to 
the smooth Si substrate, due to the lower critical energy required for nuclei formation 
on a rough substrate.
28,42
  AFM surface roughness analysis showed that the as-
synthesised AAO surface on Ti/Si substrates had a root mean square surface 
roughness of 9.03 ± 0.50 nm compared to 0.81 ± 0.02 nm for Si substrates.  In 
comparison with the smooth Si substrate, an AAO/Ti/Si substrate provides more 
binding sites for the vertical growth of SbSI, accounting for the initial formation of 
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islands of (SbI3)x(Sb2S3)1-x (Figure 4.1(b)),
29,40
   with no such deposition observed on 
Si substrates at the same temperature.  These islands of (SbI3)x(Sb2S3)1-x act as 
nucleation centres for the vertical growth of SbSI nanorods.  Once the nucleation 
occurs, the continued supply of incoming SbSI vapours result in 1D growth.
43
  As 
seen in Figure 4.1(e), SbSI nanorods were nucleated and grown directly on the upper 
surface of the AAO template.  Similar reasoning was applied for the formation of 
vertically aligned ZnO nanorods on chemically etched sapphire substrates,
38,39
 
SiC/AlSiC core-shell nanowires on AAO
44
  membranes and V2O5 nanowires on 
chemically etched Si (001) substrates
43
.  Due to the amorphous nature of AAO, the 
possibility of an epitaxial growth of SbSI can be excluded. 
Furthermore, to compare the preferential orientation of the SbSI nanorods deposited 
on AAO/Ti/Si and Si substrates two XRD peaks of SbSI, (330) and (002), was 
studied.  These peaks were chosen since the normal direction to the (002) plane 
corresponds to the c-axis and is parallel to the (330) plane, which is suitable to 
determine the vertical alignment of SbSI.
45
  Figure 4.5 shows a comparison of the 
change in intensities of the (330) and (002) XRD peaks obtained for SbSI deposited, 
at 250 °C, on Si and AAO/Ti/Si substrates.  The (330) and (002) diffraction peaks of 
SbSI appear at 41.6° and 44.3° (2) respectively.  The peak intensity from the (002) 
diffraction plane of the SbSI crystals formed on a Si substrate (Figure 4.5(a)) was 
very weak compared to that from the nanorods formed on an AAO/Ti/Si substrate 
(Figure 4.5(b)).  The high intensity (330) diffraction peak and low intensity (002) 
peak highlights that the c-axis of the SbSI crystallites grown on Si substrates are 
aligned parallel to the substrate plane.  In contrast, XRD analysis of SbSI nanorods 
deposited on AAO/Ti/Si substrates showed intense (002) and weak (310) reflections 
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respectively, due to preferential vertical alignment of the SbSI nanorods along their 
c-axis.  The appearance of a shoulder peak on the (002) reflection can be attributed 
to the tilted orientation of the nanowires with reference to the c-axis, which expose 
the other surface planes such as [100] or [110]. 
 
 
Figure 4.5.  XRD patterns showing the influence of substrate on the degree of c-axis 
orientation of SbSI crystallites: (a) SbSI crystallites deposited on a Si substrate at 
250 °C and (b) SbSI nanorods formed on AAO/Ti/Si substrate at 250 °C. 
The 1D growth of the nanorods is attributed to the inherently fast growth of the SbSI 
crystal along their c-axis compared to their a-b planes.
19
  This can be explained by 
taking into account the typical crystal structure of SbSI (Figure 4.6).  The unit cell of 
SbSI contains double chains of [(SbSI)∞]2 linked along the z-direction by a twofold 
screw axis (the orthorhombic structure of SbSI (Pna21) possess a 21 screw axis along 
the z-direction).
31,46
  These chains act as 1D motifs along the [001] direction.  In 
SbSI, the (001) planes have the highest surface energy and thus have the fastest 
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growth velocity.
31
  Hence the growth of SbSI preferentially take place along the 
[001] direction, without the formation of 2D nuclei, giving it a 1D morphology.
31
 
 
 
Figure 4.6.  Crystal structure of SbSI viewed along the [010] direction.
46
  The 
structure consists of double chains of [(SbSI)∞]2 running along the z-direction.  The 
Sb-S-I covalent bonds are indicated by solid lines and the weak van der Waals bonds 
between the chains by dashed lines. 
One of the most influential factors determining the morphology of the SbSI crystals 
deposited on a given substrate, is the relative surface energies of various growth 
facets at the deposition conditions employed.
47
  The inset in Figure 4.1(c) indicates 
that the SbSI nanorods are faceted.  The reason for the faceting of the nanorods can 
be attributed to the polar nature of the SbSI crystals.  Polar surfaces are generally 
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stabilised by surface reconstruction or faceting, by which they can reduce their 
surface energies.
47
  During SbSI formation, after an initial period of nucleation, SbSI 
tends to form 1D structures because nanorod formation maximises the areas of the 
{110}, {010} and {100} facets, which have a lower surface energy compared to the 
high energy {002} facets.
30,48
   
The nanoscale piezoelectric and ferroelectric properties of SbSI nanorods grown at 
250 °C on AAO/Ti/Si substrates were studied, for the first time, using piezoresponse 
force microscopy (PFM) in contact mode.  Compared to bulk techniques, PFM has 
the advantage of being able to visualise the ferroelectric domain dynamics, 
polarisation switching and quantification of piezoelectric responses of individual 
nanostructures.
49-52
  The PFM ferroelectric and piezoelectric response obtained from 
a cluster of SbSI nanorods, 2.0 × 2.0 µm
2
, dispersed on a conducting platinum 
substrate is shown in Figure 4.6.  The PFM topography, piezoresponse amplitude 
and ferroelectric domain phase images obtained for SbSI nanorods are shown in 
Figures 4.7(a), 4.7(b) and 4.7(c) respectively.  The piezoresponse can be clearly seen 
from the bright and dark amplitude contrast of the nanorods shown in Figure 4.7(b).  
The presence of the bright white contrast is evidence of piezoresponse in SbSI 
nanorods, due to an out-of-plane displacement along the polar c-axis.  The PFM 
phase image (Figure 4.7(c)) of the SbSI nanorods clearly shows the presence of 
ferroelectric domains present in the material.  Different orientations of the polar axis 
of adjacent domains in SbSI nanorods lead to a multi-domain contrast.  This multi-
domain structure is formed as a result of the differing level of polarity present in 
individual ferroelectric domains.
49
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Figure 4.7.  PFM images of SbSI nanorods dispersed on a conducting platinum 
substrate, showing: (a) height, (b) amplitude and (c) phase profiles SbSI nanorods 
grown at 250 °C on an AAO/Ti/Si substrate. 
The primary feature of a ferroelectric material is the reversal of spontaneous 
polarisation under the application of an applied electric field.  PFM has become a 
standard technique to analyse the local ferroelectric/piezoelectric switching 
properties of nanoscale materials.
49-51
  An advanced version of PFM called switching 
spectroscopy PFM (SS-PFM) allows the acquisition of ferroelectric and piezoelectric 
switching hysteresis loops from a point on a nanostructure.  In this study, hysteresis 
loops were obtained by positioning the conducting PFM tip on top of a SbSI nanorod 
and applying an AC voltage of 3.3 V, plus a DC bias of ±44 V, simultaneously 
across the nanorod and the back electrode.  Figures 4.8(a) and 4.8(b) shows the 
phase and piezoresponse switching hysteresis obtained from a single SbSI nanorod, 
by positioning the tip in the centre of the top edge of the nanorod (Figure 4.8(a), red 
dot in the inset image).  Positioning the tip on the (002) plane of the SbSI nanorod 
allowed the measurement of the piezoresponse along the polar c-axis.  The square 
shape phase-voltage hysteresis (Figure 4.8(a)) curve obtained gives strong evidence 
for the presence of switchable ferroelectricity in SbSI nanorods.  The 180° phase 
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difference observed during switching (Figure 4.8(a)) can be attributed to the 
presence of 180° ferroelectric polarisation present along the c-axis in the SbSI 
nanorod.  Due to the <001> orientation of the SbSI nanorods, the polarisation 
changes occur mostly along the c-axis of the nanorods and thus results in the 
formation of two oppositely oriented (180°) ferroelectric domains along the polar 
axis.  Similar results were reported in Chapter 3 for <001> oriented Sb2S3 
nanowires.
53
  Figure 4.8(b) depicts the normalised piezoresponse hysteresis response 
obtained for a SbSI nanorod, from the same location as that of the phase hysteresis.  
The inset image in Figure 4.8(b) shows the classical ferroelectric loop acquired from 
the SbSI nanorod, which is a signature of the presence of switchable piezoelectric 
response in the material.
50
  The asymmetric nature of the hysteresis loop could be 
due to the clamping effect between the domains as well as due to the change in field 
distribution.
54
 
The average effective piezoelectric coefficient d33(eff) for the SbSI nanorods, 
calculated using equation
49,51
, d33 =A/VacQf, where A is the maximum amplitude, Vac 
is the applied AC voltage (3.3 V) and Qf  is the quality factor (obtained during the 
PFM measurement and depends solely on the tip-sample surface interaction), was 
found to be ~ 12 pm V
-1
.
10
  The difficulty related to positioning the PFM tip at a 
specific location on top of a SbSI nanorod surface, due to tip shift, put constraints on 
quantifying the piezoelectric response and limited my study to a qualitative view 
point.  Figure 4.8(c) illustrates the changes observed in domains during ferroelectric 
switching of a single SbSI nanorod when a DC bias of ±44 V was applied.  The 
applied bias induced a reversal of the ferroelectric domain structure and provides 
clear evidence for the presence of switchable ferroelectricity in the SbSI nanorods. 
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Figure 4.8.  (a) SS-PFM ferroelectric phase-switching hysteresis, (the red dot in the 
inset image shows the location of the tip on the SbSI nanorod during the hysteresis 
loop acquisition), (b) normalised piezo-switching hysteresis (inset shows the actual 
butterfly shaped piezoresponse hysteresis loop), loops acquired from an individual 
SbSI nanorod and (c) SS-PFM ferroelectric phase images showing ferroelectric 
domain switching of a selected SbSI nanorod before and after domain switching, by 
applying a bias voltage of ±44V. 
 
The presence of ferroelectricity in SbSI can be attributed to its orthorhombic 
structure with the polar space group Pna21, at room temperature.  SbSI has a phase 
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transition or TC of ~ 22 °C at which it undergoes a displacive ferroelectric phase 
transition from the ferroelectric Pna21 phase to the paraelectric Pnam phase.
4,18
  The 
ferroelectric and piezoelectric switching, under the application of an applied bias in 
SbSI is associated with the alternating arrangement of polar double chains [(SbSI)]2 
parallel to the [001] axis.
18
  The asymmetric arrangement of these double chains 
creates disorder of the Sb atoms and polarity in the SbSI crystal, which in turn 
results in unidirectional polarisation along the polar c-axis due to <001> orientation 
of the SbSI nanorods, accounting for their ferroelectric and piezoelectric behaviour. 
 
4.3.2 Growth of arrays of SbSI nanowires on Pt/Si substrates 
In addition to orienting SbSI nanostructures, for many applications it is desirable to 
integrate these nanostructures directly onto conducting substrates
33,55,22
  For instance, 
Surthi et al. deposited SbSI on Pt/Ti/SiO2/Si 
33
 and La0.67Ca0.33MnO3 
(LCMO)/NdGaO3 
22
 substrates, where the Pt and LCMO layer acted as a bottom 
electrode respectively for electrical measurements.  Some of the studies using 
conducting substrates for the growth of SbSI were successful in growing good 
quality c-axis oriented thin films for electrical measurements.  Since most of the 
functional properties of SbSI are superior along its c-axis, the vertical alignment of 
SbSI 1D structures on conducting substrates may be advantageous for potential 
applications such as energy harvesting.  As evident from the previous study with 
AAO/Ti/Si substrates, the surface state of the substrate has a great influence in 
aligning SbSI crystals.  In this section of Chapter 4, the use of surface roughened 
conducting Pt/Ti/Si substrates for growing vertically oriented arrays of SbSI 
nanowires is discussed.  Surface roughness on these substrates was achieved using 
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ultrasonication.  A control experiment was carried out under similar condition using 
smooth Pt/Ti/Si substrates to prove the influence of surface roughness of the 
substrate on the alignment of nanowires formed. 
The morphologies of SbSI formed on rough and smooth Pt/Ti/Si substrates are 
shown in Figure 4.9.  The SEM images (Figure 4.9(a), (b) and (c)) show that a 
highly dense array of vertically aligned SbSI nanowires formed on a rough Pt/Ti/Si 
substrate.  These arrays consist of uniform high aspect ratio (~ 140) nanowires with 
mean diameters ~ 50 nm and lengths up to 7 µm, having alignment angles 
approximately ±20° relative to the substrate normal.  The cross-sectional SEM image 
(Figure 4.9(c)) revealed that SbSI nanowires grow directly from the substrate.  While 
SbSI formed on smooth Pt/Ti/Si substrates showed (Figure 4.9(d) and (e)) thick film 
morphology, with randomly oriented 1D crystallites.  This observation clearly 
illustrates the influence of the surface state of the substrate in aligning the SbSI and 
agrees with the previous results obtained for SbSI deposited on AAO/Ti/Si 
substrates.  The inset in Figure 4.9(c) shows that the tips of the nanowires contain no 
droplets, which confirms that the growth of SbSI nanowires on rough Pt/Ti/Si 
substrates occurred via a catalyst-free vapour-solid growth mechanism. 
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Figure 4.9.  (a) Plan-view SEM image of arrays of SbSI nanowires deposited on a 
surface roughened Pt/Ti/Si substrate, (b) cross-sectional SEM image of the arrays, 
and (c) zoomed-in SEM image of a sample cross-section (inset shows the tip of the 
nanowires).  (d) and (e) SEM images of randomly oriented SbSI crystallites 
deposited on a smooth Pt/Ti/Si substrate. 
The XRD pattern (Figure 4.10(a)) of as-synthesised arrays of SbSI nanowires on 
rough Pt/Ti/Si substrates showed a prominent diffraction peak at 44.2° (2), which 
can be indexed to the (002) reflection of orthorhombic SbSI (PDF No: 88-2407).  
This data indicates that the SbSI nanowires have a preferred c-axis orientation.  A 
high resolution TEM image (Figure 4.10(b)) of an isolated SbSI nanowire showed 
resolved lattice fringes without defects or dislocations, confirmed the single 
crystalline nature of the nanowires with a preferred growth along the <001> 
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direction.  The mean lattice fringe spacing 0.51 nm corresponds to the d020 plane 
lattice spacing of orthorhombic SbSI (PDF No: 88-2407).  The SAED pattern 
obtained from a SbSI nanowire along the [100] zone axis reiterates the preferential c-
axis oriented growth of the nanowires.  To determine the elemental composition of 
the nanowires formed, EDX analysis was performed on isolated SbSI nanowires 
(Figure 4.10(c)).  Quantitative EDX analysis showed that the atomic ratio of Sb:S:I 
is 0.98:1:0.96, giving nanowires a possible composition of SbSI.  
 
Figure 4.10.  (a) XRD pattern of SbSI nanowires formed at 250 °C on a surface 
roughened Pt/Ti/Si substrate, indexed to orthorhombic SbSI (JCPDS file No: 88-
2407), (b) TEM image of a SbSI nanowire showing preferential <001> oriented 
growth, (inset showing a representative SAED pattern taken from the [100] zone 
axis); the marked fringe spacing of 0.51 nm corresponds to the (020) lattice plane of 
SbSI and (c) EDX spectrum of an individual SbSI nanowire. 
The formation of SbSI nanowires can be explained by taking into account the 
inherent anisotropy of its unit cell building blocks as explained earlier in section 
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4.2.1.  In this study, the vertical alignment was caused by the surface roughness of 
the Pt/Ti/Si substrate.  Figure 4.11(a) shows the AFM topographical image and the 
corresponding roughness profiles (Figure 4.11(b)) obtained for an ultrasonically 
polished Pt/Ti/Si substrate.  Figures 4.11(c) and (d) show photographs of Pt/Ti/Si 
substrates before and after sonication respectively. 
 
Figure 4.11.  (a) AFM topographical image and (b) the corresponding roughness 
profiles obtained for an ultrasonically polished Pt/Ti/Si substrate.  (c, d) Photographs 
of Pt/Ti/Si substrate before and after sonication, respectively (Scale bars: 0.5 cm). 
High nucleation densities of nanostructures can be achieved by ultrasonically 
scratching a substrate surface.
56
  As seen in Figure 4.9(a), high density growth of 
nanowires can be formed by surface roughening due to an increased number of 
binding sites for SbSI nucleation.  Introducing surface irregularities effectively 
lowers the interfacial energy between the crystal nuclei and the substrate,
38,39,57
 
hence minimising the nucleation barrier and facilitating the growth of SbSI 
nanowires.  The inherent growth anisotropy of SbSI as well as the anisotropy of the 
surface of the scratched substrate together induce an anisotropic strain,
57
 and thus 
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confine the diffusion of SbSI molecules to 1D resulting in vertically aligned arrays 
of SbSI nanowires. 
The bulk ferroelectric characteristics of SbSI nanowires formed on rough Pt/Ti/Si 
substrates were studied by P-E hysteresis loop acqusition.  The well-defined P-E 
hystseresis (Figure 4.12) provided solid evidence for the existence of ferroelectricity 
in synthesised arrays of SbSI nanowires.  The nanowire arrays showed a coercive 
field ~ 20 kV cm
-1
, spontaneous polarisation (Ps) ~ 3.5 µC cm
-2
, 
 
and remanant 
polarisation (Pr) ~ 2.1 µC cm
-2
, which are comparable with that of c-axis oriented 
SbSI thin films.
33
  Nanoscale PFM characterisation on individual SbSI nanowires 
was unsuccessful due to the difficulty in positioning the tip at a desired location on 
the nanowire. 
 
 
Figure 4.12.  Polarisation-electric field hysteresis loop obtained from SbSI nanowire 
arrays formed on a Pt/Ti/Si substrate. 
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4.4 Conclusion 
In summary, arrays of c-axis oriented SbSI nanorods were synthesised by a surface 
roughness assisted vapour deposition method on AAO/Ti/Si substrates.  The growth 
of SbSI nanorods proceeded via a seedless vapour-solid mechanism.  XRD and 
TEM-SAED analysis of the as-synthesised SbSI nanorods confirmed their single 
crystalline nature and their preferred <001> oriented growth.  The surface roughness 
of the AAO substrate played a crucial role in vertically orienting the SbSI nanorods, 
by providing a large number of binding sites for nucleation.  The inherent growth 
anisotropy of SbSI as well, as the roughness of the substrate, together confined the 
diffusion of SbSI molecules to one dimension resulting in vertically aligned arrays of 
SbSI nanowires.  PFM studies revealed the presence of switchable ferroelectric and 
piezoelectric responses in individual SbSI nanorods.  A 180° phase difference was 
observed during ferroelectric switching which could be attributed to the presence of 
the formation of two oppositely oriented (180°) ferroelectric domains, due to the c-
axis oriented single crystalline nature of the SbSI nanorods.  Surface-roughness 
assisted synthesis was also used to fabricate vertically aligned SbSI nanowire arrays 
on surface-roughened conducting Pt/Ti/Si substrates.  The highly dense arrays of 
nanowires formed were single crystalline, with predominant growth along their c-
axis, and displayed good ferroelectric behaviour. 
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6.1 Conclusions and Future Work 
The ever-continuing miniaturisation of electronic components and devices gives 
impetus to scale the dimensions of ferroelectrics down to the nanometre-scale region.  
Various types’ fabrication and characterisation methods have been evolved to study 
the nanostructuring in ferroelectric and related materials.    Chapter 1 of this thesis 
provided an overview of the recent developments in the fabrication, characterisation 
and application of various nanoscale ferroelectric materials. 
Chapter 2 outlined the experimental procedures and characterisation tools required to 
synthesise and analyse Sb2S3, SbSI and PZT nanostructures and described in detail 
the principles of block co-polymer based self-assembly and piezoresponse force 
microscopy in detail. 
Chapter 3 described the preparation of size controlled arrays of Sb2S3 nanowires 
within the cylindrical pores of anodic aluminium oxide (AAO) templates (Sb2S3-
AAO), utilising a solventless technique and the single-source precursor antimony 
(III) tris(diethyldithiocarbamate).  The data reported demonstrated the single 
crystalline nature, and preferential <001> growth direction, of the Sb2S3 nanowires 
produced.  The templating strategy also provided a way to address the ferroelectric 
functionality of individual Sb2S3 nanowires on an individual basis by piezoresponse 
force microscopy (PFM).  PFM analysis showed that the majority of the Sb2S3 
nanowires synthesised displayed single ferroelectric domain (180°) structures, due to 
the preferential alignment of dipoles along the polar c-axis.  Furthermore, PFM 
switching studies demonstrated the reversible switching capabilities of individual 
and groups of Sb2S3 nanowires.  The low stability of the ferroelectric domains in the 
Sb2S3 nanowires was revealed using time varied PFM phase imaging studies.  In 
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summary, this work demonstrated the controlled synthesis of various diameter single 
crystalline Sb2S3 nanowires with switchable ferroelectricity and piezoelectricity.  
Further investigation of ferroelectric scaling phenomena in Sb2S3 in other 
morphological forms, such as thin films or as nanodot arrays, would be useful for 
practical applications such as nanocapacitor.
1
  The future work will be aimed at 
further reducing the diameter of the nanowires to find out the critical size limit of 
ferroelectric behaviour. 
The role of surface roughness in orienting arrays of SbSI nanowires, produced by 
vapour deposition, was discussed in Chapter 4.  Vertically oriented arrays of 
antimony sulphoiodide (SbSI) nanowires were synthesised by surface roughness-
assisted vapour deposition method on AAO/Ti/Si and Pt/Ti/Si substrates.  The 
inherent growth anisotropy of SbSI, as well as the roughness of the substrate, 
confined the diffusion of SbSI molecules to one dimension resulting in vertically 
aligned arrays of SbSI nanowires.  The as-grown SbSI nanostructures were single 
crystalline and <001> oriented, as revealed from structural analysis.  Switching 
spectroscopy PFM experiments demonstrated, for the first time, the presence of 
switchable ferroelectricity and piezoelectricity in individual SbSI nanorods.  The 
ferroelectric switching in SbSI nanorods was found to occur via a 180° ferroelectric 
domain reversal, due to the preferred orientation of the nanorods along the polar c-
axis.  This facile method deposition method could readily be adopted to fabricate 
technologically important ferroelectric or piezoelectric materials, such as PZT, on 
suitable substrates.  The vertically oriented SbSI nanowires produced have potential 
application in energy harvesting, due to their high c-axis piezoresponse and should 
be the subject of future investigations.  Future experiments will be focused on 
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fabricating SbSI nanowires of different diameter by controlling the surface 
roughness of the substrate used, for example by controlling the pore diameter of  the 
AAO. 
Fabrication of two dimensional arrays of ferroelectric nanoislands or nanodots is an 
ideal approach for generating isolated nanodomains, where the individual units can 
act as memory by storing physically separate bits of data in memory storage.  
Chapter 5 detailed a simple methodology for the fabrication of two dimensional 
arrays of lead zirconate titanate (PZT) nanodots on n-doped Si substrates, using self-
assembled PS-b-PEO block-co-polymer templates.  This templating approach 
produced highly ordered patterns of pervoskite PZT nanodots, with lateral width of 
individual dots as small sub-20 nm and heights around 10 nm, with a coverage 
density as high as 60 × 10
9 
nanodots cm
-2
.  PFM analysis revealed that PZT nanodots 
with heights around 10 nm were close to the critical size limit of PZT, but still 
showed ferroelectric behaviour.  The presence of a multi-a/c domain structure in the 
nanodots is attributed to their polycrystallinity.  In general, the variation in the 
domain structure within and among the PZT nanodots makes these arrays currently 
non-ideal for ferroelectric memory cell applications, since the magnitude of 
switching cannot be well controlled.
2
  Mono-domain structures can however possibly 
be achieved by directional anisotropy by epitaxial growth of these nanodots on 
suitable substrates.  Nevertheless, this work demonstrated the capabilities of block 
copolymer-based self-assembly in creating highly ordered ferroelectric nanopatterns 
with periodicity as low as 20 nm.  In addition, through this self-assembly approach 
laterally ordered lamellar ferroelectric line patterns can be fabricated.  Future work is 
targeted on the creation of nanopatterns of other prominent ferroelectric materials, 
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such as BaTiO3, (K,Na)NbO3 and Bi4Ti3O12 to produce high density ferroelectric 
memory cells. 
The prospect for nanoferroelectrics research is promising as evident from the 
growing interest in theory, fabrication and application aspects of these 
nanostructures.
1,3-12
  A basic understanding of the finite-size effect in 
nanoferroelectrics is a prerequisite for the development of new nanoscale devices 
and hence more theoretical studies in this area are required.  Fabrication routes that 
have the capability to generate nanostructure patterns, with predictable shapes and 
controlled dimensions at desired locations on a substrate, are critical for the 
integration of novel nanoferroelectric components into electronic devices such as 
FeRAM.  For instance, the potential of nanoimprint lithography13-16 and block co-
polymer based directed self-assembly
17-19
 to produce highly ordered patterns of the 
nanostructures can be effectively exploited to achieve the above mentioned 
challenge.  Efforts to enhance the spatial resolution of current characterisation tools 
will also be required to tackle future developments in nanoscale ferroelectric 
research.
20-22
  Characterisation techniques such as PFM, scanning nonlinear 
dielectric microscopy,
23-25
 tip-enhanced Raman spectroscopy
21,26
 and transmission 
electron microscopy
27-30
 needs special mention in this regard as their resolution 
capability has been greatly improved to study even Ångström level ferroelectric 
characteristics.  The broad application spectrum of nanoscale ferroelectric materials, 
spanning from memory devices to self-powered nanogenerators, may fuel future 
interests in research and developments in this area.  Progress in controlling 
ferroelectricity on the nanoscale offers great potential for nanoscale ferroelectric 
devices, especially ferroelectric field-effect transistors (FeFETs) and ferroelectric 
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tunnel junctions (FTJs).
4,6,31-33
  The 2011 international technology road map for 
semiconductors has listed FTJs and FeFETs as two emerging memory 
technologies.
34
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